Our previous studies showed that stimulation of adenosine A 1 receptors located in the nucleus of the solitary tract (NTS) exerts counteracting effects on the iliac vascular bed: activation of the adrenal medulla and ␤-adrenergic vasodilation vs. sympathetic and vasopressinergic vasoconstriction. Because NTS A 1 adenosine receptors inhibit baroreflex transmission in the NTS and contribute to the pressor component of the HDR, we hypothesized that these receptors also contribute to the redistribution of blood from the visceral to the muscle vasculature via prevailing sympathetic and vasopressinergic vasoconstriction in the visceral (renal and mesenteric) vascular beds and prevailing ␤-adrenergic vasodilation in the somatic (iliac) vasculature. To test this hypothesis, we compared the A 1 adenosine-receptor-mediated effects of each vasoactive factor triggered by NTS A 1 adenosine receptor stimulation [N 6 -cyclopentyladenosine (CPA), 330 pmol in 50 nl] on the regional vascular responses in urethane/chloralose-anesthetized rats. The single-factor effects were separated using adrenalectomy, ␤-adrenergic blockade, V 1 vasopressin receptor blockade, and sinoaortic denervation. In intact animals, initial vasodilation was followed by large, sustained vasoconstriction with smaller responses observed in renal vs. mesenteric and iliac vascular beds. The initial ␤-adrenergic vasodilation prevailed in the iliac vs. mesenteric and renal vasculature. The large and sustained vasopressinergic vasoconstriction was similar in all vascular beds. Small sympathetic vasoconstriction was observed only in the iliac vasculature in this setting. We conclude that, although A 1 adenosine-receptor-mediated ␤-adrenergic vasodilation may contribute to the redistribution of blood from the visceral to the muscle vasculature, this effect is overridden by sympathetic and vasopressinergic vasoconstriction. purinergic receptors; V 1 receptor blockade; ␤-adrenergic blockade; adrenalectomy; sinoaortic denervation; iliac vascular conductance; mesenteric vascular conductance; renal vascular conductance RECENT STUDIES HAVE FIRMLY established that adenosine operating as a neuromodulator in the nucleus of the solitary tract (NTS) modifies cardiovascular control (14, 20, 24, 25, 34, 40 -44). The NTS is a major integrative center for visceral and autonomic reflexes and contains the greatest density of adenosine uptake sites within the central nervous system (4). Adenosine operates in the NTS in both physiological and pathological situations. Under normal, physiological conditions, a natural source of adenosine is ATP released from neurons and glial cells (6). This occurs, for example, during the stress or hypothalamic defense response (HDR) (42-44). Extracellular ATP is catabolized via ectonucleotidases to adeno-
RECENT STUDIES HAVE FIRMLY established that adenosine operating as a neuromodulator in the nucleus of the solitary tract (NTS) modifies cardiovascular control (14, 20, 24, 25, 34, 40 -44) . The NTS is a major integrative center for visceral and autonomic reflexes and contains the greatest density of adenosine uptake sites within the central nervous system (4) . Adenosine operates in the NTS in both physiological and pathological situations. Under normal, physiological conditions, a natural source of adenosine is ATP released from neurons and glial cells (6) . This occurs, for example, during the stress or hypothalamic defense response (HDR) (42) (43) (44) . Extracellular ATP is catabolized via ectonucleotidases to adenosine, which acts globally on pre-or postsynaptic A 1 or A 2a adenosine receptors located in the NTS (6, 49) . Adenosine is also released under pathological conditions such as ischemia, hypoxia, and severe hemorrhage via the breakdown of intracellular ATP (28, 46, 47) . Therefore, adenosine is an important neuromodulator helping to regain homeostasis in these lifethreatening situations via specific modulation of central mechanisms of cardiovascular control. Although adenosine is released globally, it may, however, differentially modulate autonomic reflexes integrated in the NTS (20, 34) . The differential action of adenosine is most likely due to differential localization of adenosine receptor subtypes on NTS terminals/interneurons involved in different reflexes that finally target different sympathetic outputs and vascular beds as we suggested previously (35, 40) .
Adenosine may either inhibit or facilitate neurotransmission via A 1 or A 2a receptors, respectively. Selective stimulation of A 1 vs. A 2a receptors often, but not always, exerts counteracting hemodynamic effects. Stimulation of A 1 adenosine receptors in the NTS yields predominately pressor and vasoconstrictor effects in the hindlimb accompanied with differential regional sympathoactivation (adrenal Ͼ renal Ն lumbar) (24, 39) . In contrast, NTS A 2a adenosine receptor stimulation yields depressor responses, decreases in renal sympathetic nerve activity (RSNA), no changes in lumbar sympathetic nerve activity (LSNA), and activation of preganglionic adrenal sympathetic nerve activity (pre-ASNA) (36, 37) . Interestingly, both receptor subtypes preferentially activate the adrenal medulla. We have previously shown that both A 1 and A 2a adenosine receptors evoke ␤-adrenergic vasodilation in the iliac vascular bed, since ␤-adrenergic receptors are predominantly located in the skeletal muscle vasculature (45) . However, stimulation of A 1 adenosine receptors alone in the NTS often yields variable responses, although predominantly pressor and iliac vasoconstrictor responses prevail (24, 39) . Recent studies have attributed this variability to the activation of the adrenal medulla, the subsequent release of epinephrine eliciting activation of ␤-adrenergic vasodilation that is simultaneously opposed by sympathetic and vasopressinergic vasoconstriction (24, 25) . The increased vasoconstrictor drive and simultaneously triggered ␤-adrenergic vasodilation were most likely mediated via inhibition of NTS baroreflex mechanisms (32, 34, 39) .
Stimulation of NTS A 1 adenosine receptors differentially affects baroreflex control and baseline levels of regional sympathetic outputs, and baroreflex control of vascular beds is regionally different (11, 30, 34) . Furthermore, there is differential regional distribution of ␣ 1 -and ␤ 2 -adrenergic receptors (19, 45) as well as differential reactivity of regional vascular beds to vasopressin and ␣ 1 -adrenergic activation (12, 13, 17, 23) . Therefore, it was likely that the contribution of vasoconstrictor and vasodilatory effects may be different between somatic (iliac) vs. visceral (mesenteric and renal) vascular beds. In support of this hypothesis, it has been shown that adenosine, operating mostly via A 1 receptors located in the NTS and rostral ventrolateral medulla, participates in the pressor component of the HDR (42) (43) (44) and may possibly contribute to the redistribution of blood flow from the viscera to skeletal muscle, which is a key element of this response (48) . We hypothesized that NTS A 1 adenosine receptor-induced sympathetic and vasopressinergic vasoconstriction would prevail over ␤-adrenergic vasodilation to a greater extent in the visceral vascular beds compared with muscle. To address this hypothesis, we compared the simultaneously recorded vascular responses of iliac, mesenteric, and renal vascular beds evoked by selective activation of NTS A 1 adenosine receptors in intact animals and after selective elimination of each major vasodilating and vasoconstricting factor.
MATERIALS AND METHODS
All protocols and surgical procedures employed in this study were reviewed and approved by the institutional Animal Care and Use Committee and were performed in accordance with the Guiding Principles in the Care and Use of Animals endorsed by the American Physiological Society and published by the National Institutes of Health.
Instrumentation and measurements. All procedures were described in detail previously (2, 21, 24, 25, 32, (37) (38) (39) . Briefly, male SpragueDawley rats (350 -400 g; Charles River) were anesthetized with a mixture of ␣-chloralose (80 mg/kg) and urethane (500 mg/kg) intraperitoneally, tracheotomized, connected to a small animal respirator (SAR-830; CWE, Ardmore, PA), and artificially ventilated with a 40% oxygen-60% nitrogen mixture. Catheterizations of the right femoral artery and vein were performed to monitor arterial blood pressure and infuse drugs. Arterial blood gases were tested occasionally for appropriate experimental values (ABL500, OSM3; Radiometer). Averaged values measured at the end of each experiment were the following: pH ϭ7.37 Ϯ 0.01, PO 2 ϭ 144.2 Ϯ 5.0 mmHg, and PCO2 ϭ 36.2 Ϯ 0.9 mmHg.
From a midabdominal incision, the left iliac artery, superior mesenteric artery, and the left renal artery were exposed. Pulsed Doppler blood flow velocity transducers (Baylor Electronics) were placed around the arteries and connected to the flowmeter. From the same midabdominal incision, in some animals, bilateral adrenalectomy was performed at the time of inserting the flow probes, i.e., 1-2 h before starting respective experimental protocols.
Arterial blood pressure and iliac, mesenteric, and renal flow signals were digitized and recorded with an analog-digital converter (Modular Instruments) interfaced to a laboratory computer. The signals were recorded continuously using Biowindows software (Modular Instruments), averaged over 5 s intervals, and stored on hard disk for subsequent analysis.
Microinjections into the NTS. After the exposure of the brain stem via dissection of the atlantooccipital membrane, the animals were allowed to stabilize for at least 30 min before microinjections. Unilateral microinjections of N 6 -cyclopentyladenosine [CPA, 330 pmol in 50 nl of artificial cerebrospinal fluid (ACF)] were made through multibarrel glass micropipettes in the medial region of the caudal subpostremal NTS as described previously (2, 32, (37) (38) (39) . Briefly, with the rat skull adjusted to a 45°angle from the horizontal plane of the stereotaxic apparatus and the micropipette barrel held at a 22°a ngle from the vertical plane, the surface coordinates used for insertion of the micropipette relative to the caudal tip of the area postrema were as follows: anteroposterior ϭ Ϫ0.1 mm; mediolateral ϭ 0.3 mm; dorsoventral ϭ 0.3 mm from the dorsal surface of the brain stem. This dose of CPA produced most consistent, predominantly pressor responses in our previous study (39) . The CPA was dissolved in ACF, and the pH was adjusted to 7.2. In several previous studies, we have shown that microinjections of the same amount of vehicle (ACF) in the same site of the NTS did not markedly affect mean arterial pressure (MAP), heart rate (HR), RSNA, LSNA, pre-ASNA, and regional vascular blood flows (2, 31, 34, 36 -39) . The changes in all these variables were either not different from zero or smaller than natural, random fluctuations of these variables over the time of measurements. To avoid the effect of desensitization of A 1 adenosine receptors, in all experiments, only one dose of the agonist was microinjected in the left or right side of the NTS. All microinjection sites were marked by microinjections of DiI fluorescent dye (Molecular Probes, Eugene, OR) and verified histologically (Fig. 1) .
Experimental protocols. The relative contribution of three neural and humoral vasoactive factors (sympathetic and vasopressinergic vasoconstriction opposed by ␤-adrenergic vasodilation) to the regional vascular responses evoked by selective stimulation of NTS A 1 adenosine receptors was studied in 53 male Sprague-Dawley rats. Our previous studies showed that only these three vasoactive factors significantly contributed to iliac vascular responses evoked by stimulation of NTS A 1 adenosine receptors (25) . The relative changes in iliac (IVC), mesenteric (MVC), and renal (RVC) vascular conductance evoked by microinjections into the NTS by the selective A 1 adenosine receptor agonist CPA (Tocris) observed in intact animals (n ϭ 8) were compared with the responses evoked after the following six experimental procedures: protocol 1, bilateral adrenalectomy (ADX, n ϭ 8); protocol 2, blockade of ␤-adrenergic receptors (n ϭ 7); protocol 3, selective vasopressin V1 receptor blockade (VX, n ϭ 7); protocol 4, sinoaortic denervation (SAD, n ϭ 7); protocol 5, bilateral adrenalectomy combined with selective vasopressin V1 receptor blockade (ADX ϩ VX, n ϭ 8); and protocol 6, sinoaortic denervation combined with bilateral adrenalectomy (SAD ϩ ADX, n ϭ 8).
Blockade of ␤-adrenergic receptors was performed as in our previous studies via injection of propranolol (2 mg/kg iv) (21, 24) . The ␤-adrenergic blockade (protocol 2) was used to confirm that bilateral adrenalectomy (protocol 1) removed mostly ␤-adrenergic vasodilation, whereas simultaneous elimination of adrenal secretion of norepinephrine (as well as dopamine, endorphins, and other potential vasoactive neuropeptides) had no significant vascular effects. In protocols 5 and 6, bilateral adrenalectomy instead of ␤-adrenergic blockade was used to avoid potential ␣1-adrenergic vasoconstriction that may be mediated by epinephrine when ␤2-receptors are blocked as we observed previously (21) . Vasopressin V1 receptors, mediating vascular constriction, were blocked by intravenous injections of [␤-mercapto-␤,␤-cyclopentylmethylenepropionyl, 1 -O-Me-Tyr, 2 Arg 8 ]-vasopressin, a selective V1 antagonist (20 g/kg; Sigma) in doses that completely blocked vasoconstriction evoked by intavenous injection of vasopressin (50 mU/kg; Sigma). The blockades were applied ϳ10 min before the microinjection in the NTS (24, 25) . Sinoaortic denervation was accomplished at the beginning of surgery, as described previously (33, 39) . The completeness of the denervation was tested ϳ2 h later before the start of the protocol. The procedure was considered complete if intravenous phenylephrine-induced increases in MAP Ͼ30 mmHg did not decrease HR Ͼ5 beats/min.
Basic experimental protocols allowed for comparisons of how elimination of one vasoactive factor affects the responses observed in intact animals. However, selective denervation of each vascular bed, which would allow for selective removal of the sympathetic component of the responses, was extremely difficult, and in a few successful experiments arterial pressure was markedly lower than in other experimental groups (Ͻ70 mmHg). Therefore, we evaluated the contribution of sympathetic vasoconstriction alone to the regional vascular responses indirectly by removing the adrenal and vasopressinergic components of the responses via adrenalectomy combined with systemic V1 vasopressin receptor blockade (protocol 5). Adrenalectomy and ␤-adrenergic blockade (protocols 1 and 2, respectively) removed ␤-adrenergic vasodilation; therefore, these protocols showed how sympathetic and vasopressinergic vasoconstriction triggered by acti-vation of NTS A1 adenosine receptors affected regional vascular beds. Blockade of V1 vasopressin receptors (protocol 3) removed the vascular action of vasopressin and, therefore, showed how regional vascular beds respond to ␤-adrenergic vasodilation opposed by sympathetic vasoconstriction. The contribution of the vasopressinergic component alone to the regional vascular responses was evaluated by subtracting sympathetic vasoconstriction (evaluated in protocol 5) from combined vasopressinergic and sympathetic vasoconstriction (protocol 1). The contribution of ␤-adrenergic vasodilation alone to the regional vascular bed responses was evaluated by subtracting sympathetic vasoconstriction (protocol 5) from combined sympathetic neural and adrenergic responses (evaluated in protocol 3). To evaluate separate effects of each humoral factor, we subtracted the sympathetic component of the responses (averaged values obtained in protocol 5) from each single animal response in protocols 1 and 3 and then averaged the data in each experimental group.
In addition, sinoaortic denervation (protocol 4), which removed baroreflex vasopressinergic and sympathetic vasoconstriction and the baroreflex-dependent part of the activation of the adrenal medulla, evaluated the relative regional vasodilation mediated via the nonbaroreflex component of the activation of the adrenal medulla (39) . Finally, sinoaortic denervation combined with bilateral adrenalectomy (protocol 6) removed all three major vasoactive factors triggered by NTS A 1 adenosine receptor stimulation: SAD removed the effects of A1-adenosine-receptor-mediated inhibition of baroreflex mechanisms (i.e., increases in sympathetic nerve activity, vasopressin, and epinephrine), whereas adrenalectomy removed the remaining, nonbaroreflex activation of the adrenal medulla by NTS A 1 adenosine receptors (34, 39) . This protocol tested if the three vasoactive factors (sympathetic and vasopressinergic vasoconstriction opposed by ␤-adrenergic vasodilation), known to affect the somatic (iliac) vascular bed (24, 25) , are the only major factors affecting visceral vascular beds (mesenteric and/or renal) in response to stimulation of NTS A 1 adenosine receptors.
Data analysis. The regional vascular conductance was calculated similarly as in our previous studies by dividing the regional blood flows, expressed as Doppler shift (in Hz), by MAP (in mmHg) (24, 25) . The absolute values of vascular conductance depend to some extent on positioning of the probe around the arteries; therefore, comparisons between the relative changes were more reliable. In all experimental groups, the hemodynamic data were averaged in 1-min intervals over a 20-min period of the response. Because the responses were biphasic, with an initial decrease in MAP and vasodilation (first ϳ5 min of the response) followed by the pressor and vasoconstrictor phase of the response (last ϳ15 min), we calculated the overall responses for each vascular bed by the integral of the response for the first 5 min, when vasodilation prevailed, and the last 15 min when vasoconstriction prevailed. To make the integral values comparable between the phases of the responses, we normalized the integral values to 1 min by dividing the total integral for the first and second phase of the response by 5 and 15, respectively. Two-way ANOVA was used to evaluate the relative contribution of the three vasoactive factors (sympathetic and vasopressinergic vasoconstriction opposed by ␤-adrenergic vasodilation) to the responses of the three vascular beds (iliac, mesenteric, and renal) in respect to the integral responses. Two-way ANOVA was also used for comparing the dynamics of the response in each vascular bed observed under each experimental condition, and for each single vasoactive factor (20 time points of the responses vs. 3 vascular beds). A t-test with Bonferroni adjustments was used for the calculation of specific differences between the groups for those comparisons where interactions of the vasoactive factors or the time vs. the vascular beds were significant.
RESULTS
Resting values of MAP, HR, iliac, mesenteric, and renal blood flow, and conductance for each experimental group, measured just before stimulation of NTS A 1 adenosine receptors, are presented in Table 1 . In most cases, vascular conductance observed in specific beds in all experimental groups was not different from that observed in intact animals; the only exemptions were the increase in iliac vascular conductance following bilateral adrenalectomy combined with V 1 vasopressin receptor blockade and a smaller increase in renal conductance following adrenalectomy alone and vasopressin receptor blockade alone. However, there were no significant differences between renal conductance measured before and ϳ10 min after ␤-adrenergic and V 1 vasopressin receptor blockades (Table 2) . Therefore, changes in the relative vascular responses evoked by activation of NTS A 1 adenosine receptors were comparable across the experimental groups with only small limitations. HR was significantly higher in the two groups where sinoaortic denervation was performed, as expected. MAP was lower compared with intact animals only in two experimental groups: following bilateral adrenalectomy combined with V 1 vasopressin receptor blockade or adrenalectomy combined with sinoaortic denervation.
The maximal and steady-state effects evoked by ␤-adrenergic and V 1 vasopressin receptor blockades in the regional vascular beds, MAP, and HR are presented in Table 2 . Note that the maximal iliac vasoconstriction in response to ␤-adrenergic blockade was approximately two times as large as that observed in the mesenteric and renal vascular beds. In contrast, no significant differences between the regional vascular beds were observed in maximal responses to V 1 vasopressin receptor blockade. This suggests larger tonic ␤-adrenergic vasodilation in the iliac vs. both visceral vascular beds. The maximal responses were observed immediately after the blockades, and then all variables gradually returned toward the preblockade levels. Approximately 10 min after the blockades, the residual changes in all variables, except for the decreases in HR following ␤-adrenergic blockade, became not different from zero (Table 2) . Nevertheless, the steady-state decrease in iliac conductance following ␤-adrenergic blockade was still significantly different compared with small, insignificant increases in mesenteric and renal conductance, which is consistent with preferential tonic ␤-adrenergic vasodilation of the iliac vasculature.
Comparison of hemodynamic responses observed in intact vs. experimental groups. Figure 2 presents comparisons of averaged responses evoked by selective stimulation of NTS A 1 adenosine receptors in intact animals and following specific experimental procedures. Two-way ANOVA showed significant differences between all experimental vs. intact conditions except for MVC in adrenalectomized animals and RVC following combined adrenalectomy plus vasopressin receptor blockade, which did not reach statistical significance (P ϭ 0.195 and P ϭ 0.112, respectively) (Fig. 2) . In intact animals, the typical variability of the responses to stimulation of NTS Data are means Ϯ SE; n, no. of rats. ⌬, Change; MAP, mean arterial pressure; HR, heart rate. P Ͻ 0.05, iliac vs. mesenteric ( †) and iliac vs. renal ( ‡). No significant differences between mesenteric vs. renal vascular beds were observed. All maximal responses, except for the increase in HR following VX, were significantly different from 0, whereas no steady-state responses were different from 0, except for the decrease in HR following ␤X.
A 1 adenosine receptors was observed, similar to that reported in previous studies from our laboratory (24, 25, 39) . In the initial phase of the responses (approximately first 5 min), depressor and vasodilatory responses prevailed. In the subsequent 15 min (or more) of the responses, pressor and vasoconstrictor responses prevailed. Overall, the increases in MAP and vasoconstriction in all vascular beds dominated over 20 min of the responses in the intact group. Adrenalectomy and ␤-adrenergic blockade eliminated initial vasodilation, thus sympathetic and vasopressinergic vasoconstriction dominated in these groups. Blockade of V 1 vasopressin receptors virtually eliminated the vasoconstrictor component of the responses; adrenergic vasodilation prevailed over sympathetic vasoconstriction in this setting in all vascular beds. Sinoaortic denervation eliminated reflex sympathetic vasoconstriction and vasopressin release (25, 39) . In this situation, nonbaroreflex activation of the adrenal medulla (39) was smaller than the activation mediated via combined baro-and nonbaroreflex mechanisms; however, in this setting, the vasodilatory factor was not opposed by any vasoconstricting factors (sympathetic nerves and vasopressin). Therefore, vasodilation observed in this group did not differ substantially compared with that observed after blockade of V 1 vasopressin receptors alone. Combined adrenalectomy and V 1 vasopressin receptor blockade eliminated both major humoral factors, revealing that the contribution of sympathetic vasoconstriction to the responses was very small, especially in the mesenteric and renal vascular beds. Finally, combined sinoaortic denervation and bilateral adrenalectomy eliminated all three primary vasoactive factors triggered by stimulation of NTS A 1 adenosine receptors, and these residual responses were not different from those where only sympathetic nerves were active. Because in most of the experimental groups more than one vasoactive factor was at play, the relative comparisons of the effect of the vasoactive factors on regional vascular beds were rather complex, especially that these factors may differentially interact with each other in a specific vascular bed. To simplify the picture, we further compared regional vascular responses due to the separate effects of sympathetic nerves, vasopressin, and epinephrine; these single-factor effects were calculated from basic experimental groups as described in Experimental protocols.
Differential regional vascular responses to single vasoactive factors triggered by stimulation of NTS A 1 adenosine receptors. Figure 3 compares the averaged responses of three vascular beds (iliac vs. mesenteric vs. renal) mediated via the three major vasoactive factors (sympathetic nerves, vasopressin, and epinephrine) activated by the selective stimulation of A 1 adenosine receptors located in the NTS. The impact of each factor on each vascular bed was compared with the combined impact of all these factors in intact animals and with a "negative control" group where activation of all these factors was prevented via combined bilateral sinoaortic denervation and adrenalectomy (SAD ϩ ADX). In intact animals, where ␤-adrenergic vasodilation acted together with vasopressinergic and sympathetic vasoconstriction, no significant differences were observed between initial vasodilation across regional vascular beds. However, in the later phase of the responses, significantly smaller vasoconstriction was observed in renal compared with iliac and mesenteric vascular beds (Fig. 3, first panel on top) . Two-way ANOVA did not show significant differences between time courses of regional vascular responses evoked by each vasoactive factor alone (P Ͼ 0.05 for vascular bed ϫ time interactions); however, it confirmed significant differences across regional vascular beds in the intact group (P ϭ 0.024 for vascular beds ϫ time interaction). The lack of differences between time courses of whole vascular responses to single vasoactive factors was not surprising taking into consideration the biphasic dynamics of the responses: ␤-adrenergic vasodilation prevailed in the first 5 min of the responses, whereas neural and vasopressinergic vasoconstriction prevailed in the remaining portion of responses. Two-way ANOVA performed separately on the first 5 and last 15 min of the responses also did not show significant interactions between vascular beds vs. time, probably because the changes in regional vascular conductance were rather parallel, although different in amplitude, especially so for the effects of total and nonbaroreflex epinephrine (Fig. 3, two first panels on bottom) . The differences between regional vascular responses became significant when both phases of the responses were analyzed as integrals (reflecting both amplitude and duration of the responses) separately for the first 5 min (mostly vasodilation) and the last 15 min (mostly vasoconstriction) of the responses (Fig. 4, A and  B) . In the initial phase of the responses (first 5 min), two-way ANOVA showed significant vascular bed vs. experimental condition interaction (P ϭ 0.026), whereas in the later phase the regional vascular responses were more uniform (P ϭ 0.441 and P ϭ 0.205 for vascular beds and vascular bed ϫ experimental conditions interaction, respectively).
Interestingly, in the initial phase of the responses, virtually no neural vasoconstriction was observed; the mesenteric vascular bed even tended to dilate (P ϭ 0.114 vs. zero). In the later phase of the response, iliac vasoconstriction was significant (P ϭ 0.010 vs. 0), whereas renal and mesenteric vasoconstrictions remained very small and not different from zero. Vasopressin initially evoked relatively small responses with significantly greater vasoconstriction in the mesenteric vs. the iliac and renal vascular beds (Fig. 4A) ; however, in the later phase of the responses, vasopressinergic vasoconstriction increased systematically, and large, sustained vasoconstriction with no differences between the vascular beds was observed (Fig. 3,  top left) . In the initial phase of the responses, iliac ␤-adrenergic vasodilation was significantly greater than that observed in the mesenteric vascular bed (P ϭ 0.020) and tended to be greater than that observed in the renal vasculature (P ϭ 0.113) (Fig.  4A) . In the later phase of the responses, these regional differences persisted to some degree (Fig. 4B) . The regional effects of epinephrine released via nonbaroreflex mechanisms (in sinoaortic-denervated animals) were similar to those observed when the adrenal medulla was activated by both baro-and nonbaroreflex mechanisms (Figs. 3 and 4, A and B) . Finally, 
DISCUSSION
Activation of A 1 adenosine receptors in the NTS contributes to the cardiovascular component of the HDR; specifically, it contributes to the inhibition of baroreflex transmission in the NTS and to the pressor component of HDR (34, 39, (42) (43) (44) ). The present study tested the hypothesis that activation of NTS A 1 adenosine receptors may also contribute to the crucial component of HDR, which is the redistribution of blood from the viscera to the muscle (48) . Therefore, in the present study for the first time, regional vascular responses evoked by selective stimulation of NTS A 1 adenosine receptors were compared. Furthermore, we investigated the mechanisms mediating the complex hemodynamic responses and their regional variability. The major finding of the present study is that three major vasoactive factors naturally triggered in response to the stimulation, i.e., sympathetic and vasopressinergic vasoconstriction counteracted by ␤-adrenergic vasodilation (24, 25) , had differential effects on somatic (iliac) vs. visceral (mesenteric and renal) vasculatures. Sympathetic vasoconstriction was observed in the iliac vasculature only. The greatest vasodilation mediated via released epinephrine and a ␤-adrenergic mechanism was observed in the iliac compared with the two other vascular beds. The released vasopressin initially evoked small preferential mesenteric vasoconstriction, and then large, steady vasoconstriction that was similar in all vascular beds. Taken together, these results suggest that A 1 adenosine receptors operating in the NTS may contribute to the redistribution of blood from the visceral to the somatic (muscle) vasculature via preferential iliac vasodilation; however, two vasoconstricting factors simultaneously triggered by the stimulation diminished this effect by limiting skeletal muscle vasodilation. When all vascular factors act simultaneously (intact group), vasoconstriction prevailed in the iliac and mesenteric vs. the renal vascular bed. These data combined with previous studies from our laboratory and by others show that, although the A 1 adenosine receptors located in the NTS contribute to the pressor component of the stress/HDR, the activation of these receptors may have a small, if any, effect on the redistribution of blood from the visceral to the muscle vasculature (34, 39, (42) (43) (44) .
NTS adenosine receptors and differential control of regional vascular beds by neural and humoral factors: sympathetic nerves. It has been reported that stimulation of the superior laryngeal nerve, which also conducts the aortic depressor nerve fibers in rats, evokes much greater iliac than renal and mesenteric vasodilation (11) . Also, stimulation of the aortic depressor nerve evoked preferential iliac vasodilation in rats (30) . The activation of ␣ 1 -adrenergic receptors (a major mechanism mediating sympathetic baroreflex responses) with metoxamine in mongrel dogs led to a greater vasoconstriction in iliac compared with renal and mesenteric vascular beds (17) . Similarly, iliac capacity for baroreflex vasoconstriction and vasodilation in greyhounds was greater in iliac than mesenteric and renal vascular beds (8) . These reports suggested that baroreflex sympathetic responses may be greater in iliac than in renal and mesenteric vascular beds. Therefore, we expected that A 1 adenosine receptor-mediated inhibition of NTS baroreflex mechanisms (34, 39) will result in a greater sympathetic iliac vasoconstriction compared with that observed in mesenteric and renal vascular beds. The present study generally confirmed this hypothesis. However, the lack of neural vasoconstrictor responses in renal and mesenteric vascular beds was unexpected (Fig. 4, A and B) . The neural vasoconstrictor component of the responses was relatively small in all vascular beds compared with the relatively large effects evoked by the increases in circulating epinephrine and vasopressin. No significant vasoconstriction was observed in the first 5 min of the responses, whereas in the later phase of the response (the last 15 min) only iliac vasoconstriction was significantly different from zero as well as from both other vascular beds, consistent with our previous reports (24, 25) .
Interestingly, the mesenteric vascular bed tended to vasodilate in the initial phase of the response, although the difference did not reach statistical significance vs. zero (P ϭ 0.114). This may suggest that, in the early phase of the responses, sympathetic vasoconstriction was counteracted by neurogenic vasodilation and this vasodilation weakened with time. The most likely vasodilator factor responsible for this counteraction could be preabsorbed epinephrine released from sympathetic terminals, as suggested previously by Berecek and Brody (3). The action of preabsorbed epinephrine would decrease with time over the response in adrenalectomized animals. Consistently sympathetic (␣ 1 -adrenergic) vasoconstriction would increase with time as was observed. This is also consistent with an initially smaller and then greater neural vasoconstriction in the iliac vascular bed (P ϭ 0.018) (Fig. 4, A and B) . Among other vasodilatory neurotransmitters potentially released from sympathetic nerve terminals in the mesenteric and iliac vasculature, for example, nitric oxide (NO), calcitonin gene-related peptide (CGRP), and adenosine as a catabolite of neuronally released ATP should be considered (6, 10, 22, 29) .
Vasopressin. In the present study, we found that vasopressin triggered by selective activation of NTS A 1 adenosine receptors initially constricts the mesenteric vascular bed to a greater extent than the renal and iliac vasculature, whereas in the later phase of the response no regional differences between vasopressinergic vasoconstriction were observed. Our data are consistent with regional vascular responses observed following intravenous infusion of exogenous vasopressin in rats where small doses of vasopressin evoked preferential vasoconstriction in the mesenteric compared with the renal and iliac vasculature, whereas with larger doses the regional differences diminished or disappeared (12, 13) . It should be mentioned that regional effects of vasopressin in rats are different from those observed in dogs where vasopressinergic vasoconstriction dominates in the iliac vasculature (17, 23) . Most likely, in the present study, the initial release of vasopressin was small, and it increased with the time of the response (Figs. 3 and 4) . In our previous study, we found that the level of circulating vasopressin measured ϳ8 min after microinjection of A 1 receptor agonist (CPA) in the NTS increased over fourfold compared with the resting level. Note that, in the present study, vasopressinergic vasoconstriction increased systematically up to ϳ8 min of the response and then was maintained at this high, steady level throughout the observed response (Fig. 3, last  panel on top) . Circulating vasopressin is quickly catabolized at normal body temperature (7); therefore, the large, sustained vasopressinergic vasoconstriction observed in the present study suggests that vasopressin was continuously released in the circulation as long as the baroreflex mechanism was inhibited by stimulation of A 1 adenosine receptors, which can last over an hour at this dose of A 1 agonist (CPA, 330 pmol) (34) .
In contrast to activation of NTS A 1 adenosine receptors, the activation of A 2a adenosine receptors does not affect vasopressin release, since A 2a receptors do not inhibit baroreflex transmission in the NTS (20, 37) . In addition, previous studies from our laboratory showed that preferential iliac vasodilation observed after selective activation of NTS A 2a adenosine receptors was completely abolished following bilateral adrenalectomy and lumbar sympathectomy, and no vasoconstrictor component of the response persisted following these procedures (2, 21) .
Epinephrine. The preferential iliac vs. mesenteric and renal vasodilation dominated in the initial phase of the responses (Figs. 3 and 4) . This vasodilation was mediated via activation of the adrenal medulla, release of epinephrine, and ␤-adrenergic vasodilation. The initial vasodilation was abolished in all vascular beds after bilateral adrenalectomy or ␤-adrenergic blockade (Fig. 2) . The greatest ␤-adrenergic vasodilation was observed in the iliac vascular bed, which supplies mostly skeletal muscles, compared with the vasodilation of both visceral vascular beds. This is consistent with preferential expression of ␤-adrenergic receptors in the skeletal muscle vasculature (45) as well as with the greater tonic ␤-adrenergic vasodilation in iliac compared with mesenteric and renal vascular beds as observed in the present study ( Table 2 ). The preferential iliac vasodilation was observed in the group of animals where the whole epinephrine effect was calculated from basic experimental groups [VX Ϫ (ADX ϩ VX)] as well as in the group where sinoaortic denervation was performed, and nonbaroreflex epinephrine effects were directly measured (Figs. 3  and 4) . The consistent results obtained using the two different experimental approaches attested that the arithmetical separation of single vasoactive factors in the present study was accurate.
According to our previous reports, sinoaortic denervation or blockade of glutamatergic transmission in the NTS abolishes pressor and regional sympathoexcitatory responses (39) mediated via A 1 adenosine receptors. However, A 1 receptor-mediated activation of the adrenal medulla is only attenuated but not abolished in this setting. Therefore, following sinoaortic denervation, the adrenal medulla was still activated by stimulation of NTS A 1 adenosine receptors, although to a lesser extent than in intact animals where both baro-and nonbaroreflex components of the activation of the adrenal medulla were present. In fact, in the present study, regional vasodilatory responses evoked by combined baro-and nonbaroreflex mechanisms tended to be greater compared with those where only nonbaroreflex mechanism was active (Fig. 4) , although these differences did not reach statistical significance.
Preferential ␤-adrenergic iliac vasodilation, triggered by selective stimulation of NTS A 1 adenosine receptors, was masked by simultaneous neural and vasopressinergic vasoconstriction. However, combined activation of both A 1 and A 2a adenosine receptor subtypes in the NTS may significantly contribute to the preferential iliac vasodilation and to the redistribution of blood from visceral to somatic vascular beds. Previous studies from our laboratory showed that selective stimulation of NTS A 2a adenosine receptors evoked much greater iliac vs. renal and mesenteric vasodilation (2); the ␤-adrenergic vasodilation contributed to ϳ80% of this preferential iliac vasodilation (21) .
Potential mechanisms. The present study showed that selective activation of NTS A 1 adenosine receptors preferentially disinhibited vasopressin release and activated sympathetic outputs to the adrenal medulla, whereas other sympathetic outputs were activated to a much lesser extent. What possible mechanism(s) may be responsible for this difference? Our previous studies strongly suggested that A 1 adenosine receptors act mainly via inhibition of baroreflex transmission in the NTS (34, 39) . This inhibition is responsible for all pressor and sympathoexcitatory responses, including vasopressin release (25) . Because the vasopressinergic vasoconstriction observed in the present study was severalfold greater than the regional sympathetic vasoconstriction, it seems that A 1 adenosine receptors may be located preferentially on those NTS baroreflex terminals/interneurons that are responsible for the tonic baroreflex restraint of vasopressin release and to a much lesser extent on NTS neurons responsible for tonic baroreflex restraint of regional sympathetic outputs. In fact, the increases in LSNA and RSNA, observed in a previous study from our laboratory (39), were two-to threefold smaller than that observed in the adrenal nerve. Pre-and postsynaptic A 1 adenosine receptors, coupled to inhibitory G i/o proteins, may be located on both glutamatergic and ␥-aminobutyric acid (GABA)-ergic terminals and neurons, respectively (6). Therefore, total effects of activation of these receptors may depend on the ratio between inhibition of activatory (glutamatergic) vs. inhibitory (GABA-ergic) NTS neurons and/or terminals. This ratio may be higher for NTS neurons controlling vasopressin release compared with the neurons controlling sympathetic outputs. Nevertheless, A 1 adenosine receptor-mediated inhibition of glutamatergic transmission in the baroreflex pathway dominates over potential inhibition of GABA-ergic neurons, since stimulation of these receptors results in inhibition of baroreflex mechanisms and baroreflex-dependent regional sympathoexcitation (34, 39) .
One other reason for much smaller neural than humoral vasoconstriction observed in the present study may be the nonhomogenous character of efferent sympathetic fibers selectively disinhibited by A 1 adenosine receptors in the NTS. Efferent sympathetic terminals, in addition to the major neurotransmitter norepinephrine, may also secrete several vasodilatory neurotransmitters, including NO, CGRP, and ATP, which, after degradation to adenosine via ectonucleotidases, may cause vasodilation via both A 1 and A 2a adenosine receptor subtypes (6, 9, 10, 22, 29, 49) . A 1 adenosine receptors may disinhibit both vasoconstrictor and vasodilatory efferent fibers, and these effects may cancel each other. The net effect may be relatively small vasoconstriction (as observed in the iliac vasculature), no significant response (as observed in renal vasculature), or even a tendency to vasodilation (as observed in the mesenteric vascular bed). In a previous study from our laboratory, we observed a similar phenomenon revealed by selective stimulation of NTS A 2a adenosine receptors. This stimulation triggered preferential iliac vasodilation compared with the mesenteric and renal vasculatures, whereas sympathetic activity directed to the iliac vascular bed did not change in this setting (2, 36) . Taken together, these observations could suggest that LSNA may not contribute to the response. However, although the total LSNA did not alter, the lumbar sympathectomy did contribute to Ͼ20% of the preferential iliac vasodilation, suggesting that both vasoconstricting and vasodilatory fibers (most likely releasing NO) might have been simultaneously activated (10, 21, 29) . Which specific neurotransmitters are released from these regional sympathetic nerves in response to stimulation of NTS adenosine receptor subtypes awaits further investigation.
The responses observed in intact animals were biphasic; therefore, unloading of arterial baroreceptors during the initial, depressor phase of the responses could contribute to the total pressor and vasoconstrictor effects observed in the later phase of the responses. This initial, depressor phase of the responses was a result of baroreflex-and nonbaroreflex-dependent activation of the adrenal medulla, release of epinephrine, and ␤-adrenergic vasodilation, which prevailed over vasopressinergic and sympathetic vasoconstriction in approximately the first 5 min of the responses. However, when bilateral adrenalectomy or ␤-adrenergic blockade eliminated this initial decrease in MAP (protocols 1 and 2) , the vasoconstrictor and pressor effects observed in the later phase of the responses were not smaller than those observed in intact animals (Fig. 2) . This strongly suggests that the potential unloading of arterial baroreceptors in the early phase of the response had a negligible (if any) contribution to the overall vasoconstrictor effects evoked by direct inhibition of baroreflex mechanisms following stimulation of NTS A 1 adenosine receptors.
Elevated levels of circulating vasopressin due to activation of NTS A 1 adenosine receptors may facilitate baroreflex mechanisms at the level of the NTS via activation of the area postrema neurons (16, 25) , thus competing with A 1 adenosinemediated inhibition of the baroreflex mechanisms (34, 39) . However, the effective inhibition of baroreflex mechanisms lasted over 20 min of the responses, as shown by large, sustained vasopressinergic vasoconstriction (Figs. 3 and 4B ). This indicates that the A 1 adenosoinergic inhibition prevailed over V 1 vasopressinergic facilitation of the baroreflex mechanisms in this setting.
In absolute terms, the regional ␤-adrenergic vasodilatory responses were much greater than the sympathetic vasoconstrictor responses, since blockade of V 1 vasopressin receptors reversed vasoconstriction (which dominated in intact animals) into marked vasodilation in all three vascular beds (Fig. 2) . This indicated that ␤-adrenergic vasodilation markedly prevailed over sympathetic vasoconstriction in all vascular beds. It should be stressed that NTS A 1 adenosine receptors activate the adrenal medulla via both baroreflex and nonbaroreflex mechanisms, which is consistent with the greater overall activation of ASNA compared with other sympathetic outputs (39) . The baroreflex component of this response was relatively weak (similarly as it was observed for baroreflex-mediated regional vasoconstriction discussed above), since there were no significant differences between total vs. nonbaroreflex ␤-adrenergic vasoconstriction observed in each vascular bed in these two situations (Fig. 4) . The nonbaroreflex component of the activation of the adrenal medulla is most likely mediated via descending pathways from hypothalamic nuclei that use nonglutamatergic neurotransmitters as we proposed previously (40) . However, specific pathways and neurotransmitters responsible for nonbaroreflex activation of the adrenal medulla remain unknown. All of the above hypotheses should be addressed in future studies.
Limitations of the method. Anesthesia and recent surgical stress most likely elevated resting levels of sympathetic activity, circulating epinephrine, and vasopressin. This could attenuate further increases of these vasoactive factors due to stimulation of NTS A 1 adenosine receptors. In fact, in our previous study, which was performed under similar experimental conditions, the resting vasopressin levels were moderately elevated compared with the levels measured in conscious animals (5, 15, 18, (25) (26) (27) . Nevertheless, the activation of NTS A 1 adenosine receptors evoked a large (Ͼ4-fold) increase of circulating vasopressin compared with the elevated baseline (25) . Also, regional sympathetic outputs, especially that directed to the adrenal medulla, were significantly activated in response to stimulation of NTS A 1 adenosine receptors (39) . This attests that, despite the increased resting levels of humoral and neural factors, the stimulation of NTS A 1 receptors is potent to evoke marked responses in all of these factors. In addition, the potential effects of anesthesia and recent surgery presumably affected all vascular beds similarly; therefore, we believe that the relative regional differences in responsiveness to the vasoactive factors were preserved under these experimental conditions.
We measured changes in regional vascular conductance using acutely inserted Doppler flow probes placed around the large arteries (common iliac, mesenteric, and renal) in proximity of the aorta. Blood flow was calculated from Doppler frequency shift, which is proportional to changes in velocity of circulating blood. This method was routinely used in many previous studies from our laboratory and by others (2, 3, 10, 24, 25) . Although blood flow in specific vascular bed is controlled mainly at the level of the arterioles, whereas the contractility of large arteries is rather minimal, it was possible that these large arteries participated to some extent in vasoconstriction and vasodilation occurring downstream of the flow probes. If the diameter of the artery on which the flow probe was placed decreased (vasoconstriction) and increased (vasodilation), measured velocity of blood flow could increase and decrease, respectively. If this was the case, our measurements of both decreases and increases of regional vascular conductance could be underestimated because local, mechanical changes in blood velocity occurring under the flow probe could oppose experimental changes in blood flow occurring mostly downstream of the flow probe at the level of the arterioles. However, even if this underestimation occurred, it should have a proportional effect in all regional vascular beds; therefore, the relative changes in regional vascular conductance, compared in the present study, should not be affected. Despite this potential limitation (decreased sensitivity of the method), we were able to detect very small and very large increases and decreases in regional vascular conductance as well as the dynamic properties on biphasic vascular responses. It should be stressed that, in our previous study, we showed that marked iliac vasoconstriction, abolished by systemic V 1 vasopressin receptor blockade, was indeed accompanied with large (Ͼ4-fold) increases in circulating vasopressin levels, which directly confirmed the conclusions based on this type of recordings (25) . Therefore, we believe that theoretically possible underestimation of both vasoconstrictor and vasodilator effects in the present study did not have significant effects on the conclusions.
In this and our previous study, MAP decreased following V 1 vasopressin receptor blockade and was allowed to return spontaneously toward resting levels. We did not compensate for the decrease of MAP with phenylephrine infusion to avoid potentially different ␣ 1 -adrenergic vasoconstriction of different vascular beds due to differential regional expression of these receptors (17, 19) ; such a compensation could distort the responses to the experimental factors. The baroreflex compensation of the depressor response evoked by V 1 vasopresinergic blockade probably elevated baseline sympathetic activity, which may have attenuated the sympathoactivation in response to stimulation of NTS A 1 adenosine receptors. Therefore, the neural sympathetic component of the responses could be underestimated in this study. Nevertheless, we believe that regional differences in sympathetic responses were preserved, since vasoconstriction in the iliac vascular bed significantly increased, whereas the responses of the mesenteric and renal vascular beds were not different from zero.
In contrast, removing ␤-adrenergic vasodilation could differentially exaggerate regional vascular responses to vasoconstrictor factors (sympathetic vasoconstriction and vasopressin release). For example, ␤-adrenergic vasodilation was significantly greater in iliac compared with mesenteric and renal vascular beds; therefore, elimination of this factor could allow for relatively greater vasoconstriction in iliac than in the two other vascular beds. This effect could partially contribute to the greater iliac than mesenteric and renal sympathetic vasoconstriction (Fig. 4B) . However, it did not significantly affect the powerful vasopressinergic vasoconstriction in the later phase of the responses, whereas, in the initial phase of the responses, vasopressinergic vasoconstriction was significantly greater in mesenteric compared with iliac and renal vascular beds (Fig. 4) .
Adrenalectomy and ␤-adrenergic blockade most likely diminished cardiac output regulatory capacity. Therefore, following combined adrenalectomy and V 1 vasopressin receptor blockade (protocol 5), MAP and IVC did not fully recover, whereas, following V 1 vasopressin receptor blockade alone (protocol 3), full recovery of these parameters was observed (Table 1) .
Renal autoregulation was most likely responsible for much smaller responses evoked in this vascular bed in intact animals and under most of the experimental conditions (Fig. 4) . Nevertheless, vasopressin had a relatively large effect on the renal vasculature, not different from that observed in the iliac and mesenteric vasculature beds during the whole time course of the responses (Fig. 3) . Consistently, following V 1 vasopressin receptor blockade, significantly increased RVC remained significantly elevated compared with that observed in intact animals, whereas MAP, IVC, and MVC completely recovered following the blockade (Table 1) .
Although we used a standard method of recording regional vascular conductance, which is well established in our laboratory, the relatively small neural vs. humoral regional vascular responses could raise a question if sympathetic nerves were potentially damaged during the procedure. This was rather unlikely, because electrical stimulation of the aortic depressor nerve (8 volts, 0.1 ms, 8 -64 Hz) and activation of cardiopulmonary receptors with intravenous phenylbiguanide (1-8 g/ kg) applied in some intact animals evoked large sympathetic vasodilation in all vascular beds with patterns similar to that described previously by Faber and Brody (11) .
In conclusion, three major vasoactive factors triggered by stimulation of NTS A 1 adenosine receptors in the NTS (sympathetic and vasopressinergic vasoconstriction opposed by ␤-adrenergic vasodilation) differentially affect regional vascular beds. The ␤-adrenergic vasodilation, which dominates in the initial phase of the response, was significantly greater in the iliac than the mesenteric and renal vasculatures. Significant sympathetic vasoconstriction was observed in the iliac but not in the mesenteric and renal vascular beds. In contrast, vasopressin exerted similar, marked, sustained vasoconstriction in all vascular beds, except for a small, initial preferential mesenteric vasoconstriction. This pattern of regional vascular responses suggests that activation of A 1 adenosine receptors in the NTS has minor, if any, effect on redistribution of blood from the visceral to somatic (muscle) vasculature.
Perspectives and Significance
Previous studies from our laboratory and by others strongly suggested that adenosine operating via A 1 adenosine receptors in the NTS may contribute to the pressor component of HDR, most likely via the inhibition of baroreflex transmission in the NTS, which disinhibits efferent sympathetic vasoconstriction and vasopressin release (25, 34, 39, (42) (43) (44) . Adenosine operating in the NTS via both A 1 and A 2a receptor subtypes preferentially activates the adrenal medulla leading to preferential iliac vasodilation (2, 21), which is the major mechanism mediating increases in blood supply to skeletal muscles during stress/HDR in the rat (48) . However, the present study showed that, although activation of NTS A 1 adenosine receptors preferentially increases iliac vascular conductance in the early phase of the response, this effect is overridden by the powerful V 1 vasopressinergic vasoconstriction in later phase of the response, which diminished the contribution of NTS A 1 adenosine receptors to the redistribution of blood. To what extent do these potential mechanisms, triggered by stimulation of NTS adenosine receptor subtypes, contribute to the pattern of autonomic responses evoked by the stress or HDR requires further investigation. Interestingly, some components of the autonomic responses evoked by selective activation of adenosine receptor subtypes in the NTS remain inconsistent with the pattern of HDR. For example, the decreases in HR due to A 1 and A 2a adenosine receptor stimulation, the depressor responses evoked by A 2a receptor stimulation, and the lack of contribution of NTS A 2a receptors to the baroreflex inhibition are most likely components of other autonomic mechanisms, not related to the HDR. Alternatively, the responses opposite to the HDR pattern may contribute to fine tuning of the HDR autonomic pattern. Further studies are necessary to specify the autonomic mechanisms to which these non-HDR effects mediated by NTS adenosine receptor subtypes may contribute.
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